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Description 

BACKGROUND OF THE INVENTION 
5 Field of the Invention 

EL ™fj"^^"*'^ '^^^^^ *° ^^^^^ an optical system having the optical element, and is particularly 

obS r^L^^^ optical system o^ a video camera, a still camera, a copying apparatus or the like designed to form an 
10 ,^ predetermined surface by the use of an optical element (off-axial optical element) including a curved 

10 surface (off-axial curved surface) which is not a f fat surface in which a plane normal does not coincide with a reference 
axis at a pornt whereat an optical path (reference axis) of a reference wavelength leading from an object pfane to an 
image plane intersects with the curved surface of the element- k«» « lu 

Related Background Art 

75 

[00021 A coaxial optical system in which a rotation-symmetrical refracting surface or reflecting surface is disposed 
^.?lnr"^K ^'^ J^l^T ~«««°"-^y^'"«t^y of each surface (a refracting surface or a reflecting ^ce) 
h^heretofore been used ch.ef ly as an optical system for forming the image of an object on an image plane Recently 

°* ^ ^" ^^^^"^ ^"^^ does not fan within the category o* 

lats^Z^t^-T"? °^ ^^"^ ^"^ ^ '^"^^ s^-fece) whichls not a 

flat surface in which a plane normal does not coincide with a reference axis at a point whereat an optical path (reference 

t^S nf mfpmH n r''?"^ '^^''T^ """^ ^" P'^"^ '° ^ "^9* « introduced, for example, in pages 49 
to 56 of the 20th Oprtics Symposium Lectures. 

JlSJ^ih A"^ ^^'^l ^ conventfonal coaxial optical system, can be defined in a 

fomn «*,ere« the reference axis (corresporKling to the optical axis of the conventionaJ coaxial optical system) is bent 
?2rl^rf HT®?""^ '^'t!^''^* ^^^"^ considered to be a special case of this off-axial optical system' 

Therefore, tt^e d^ree of freedom of the disposition of the optical system caabe inaeased and besides/tt» varSior« 
of the optical system are expected to become more than those of the coaxial opticai system 

to°il,*2rp!j^!r^^f ^ ^T^'^ '".r^i* ^ « diffraction phenomenon is 

an>l^ to an eccertric optical system (generally, being eccerrtric refers to a case where the rotation-symmetry axis of 

e«ll^i'i,li'? '"'^J^f is parairel-shifted or is tilted about a certain point, and the eccentric optical system ifge^ 
erally a fecial example of an off-axial optical system in which an expression represerrting a surface is conslituled by a 
rotaton-symmetry axis including even the area outside an effective portion), there is an example iS 
which a re^lecboii type hologram is attached to the combiner of the head-up display of an airaaft or an autonwbiie 
shown in US. Patent No. 4.669.810. U.S. Patent Na 4.763.990. U.S Patent No. 4.7^ 765 etc automoDile 
[0005] For such an optical system (off-axial optical system), however, it becomes neces'sary to take rotafion-asvm- 

Therefore It is necessary that an expression expressing a surface shape be an expression expressing a rotafion-asvm- 

l'l^r!^^'^?^^^T^^^°^'^^^'^''^^^''"'°'^^^ the degree of freedom Of 

ra?ior?S^ 1 "^"^^ ^""^^ '"^'^^^ ^►'^ ™"rt>er of asymmetrical aber- 

ration&to be corrected is also increased and therefore, the total number of refracting surfaces and reflecting surfaces 
required for abenation correction need be about equal to that in the coaxial system reriecting surfaces 

o».tt^ heaJ-up display of an aircraft or an automobile, all the optical systems are observation optical sys- 

^^^^T*^'^T"^T '"""^ '° ^ °P«<»' Peribrmance for ohromaBc aberra- 

tion or the like has not always been satisfactory. ^^cu^^.a 

^^uH^^ ^^^'^^^ * ^^'^'^^ « «««<*«d to the combiner of the 

K- J^.* <*'*™"*> ^ is virtually singly installed on a 

S^h^iSSSlmSl;"^'^ '^^^^ " " necessary to exactly effect optica, adjustmerrtsuch'^ .healignment 
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SUMMARY OF THE INVENTION • . - , > - . . . . . 

rOOOSl The present invention has as its object the provision of an optical element and an optical system whfeh are 
compact and can easily obtain high optical performance, o : T ^ ® ® 

[OOTOl The present invention is<1-1) an optical element for reflecting light from an incidence surface by one or more 
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' reflecting surfaces comprising off raxialccuryed surfaces, andxausing theilighl to emerge from an emergence surface or 
an optical system having fthis opti(^ Biement/ in which at least one bf the incidence surtece. the emergence 5urface:and 
the reflecting surfdd©diffraclsihe:light!(bya?diffra^ n iino f;}f}!rar> fr efra.;!: v.; h tight 

[00111 Thfe preserif irwehtion isi(V2)-^h i^pticial i^rfient in which a refracting %urfacfe of th^opticar (^?^ci- 

5 dence surface) on which a liigm l&ihddem; l^br Ym^iB re^ i^gff^yfcting 
the' irtcldeVit light beam, and a refracting surface of the optical element (an emergence surface) from which the light 
beam reflected by the one or more reflecting surfaces emerges are formed integrally with one another or an optical sys- 
tem having this optical el errient wherein at least one of Ihe mddence surface^lhci ^ergence.surface and the vefJecting 
surface diffracts the light (by a diffraction grating thereon). 

10 [0012] Particularly, in:fhe>construction <1^1) or (t-2)v there areaspects characterizedltn that - \^ -u! i * tr-^i 

(1-2-1) the surface having the diffracting action is a curved surface, 
i (1-2-2) the surfaceihaving the diffracting action is a sphericdlisurfa ;> ' tiifn'v. ? - x- jc.;.. > • .v.ti! ^ m • 
(1-2-3) the surface having the diffracting action is a rotation-symmetrical aspherical surface, 
75 (1-2-4) the surface having the diffracting action is a rotation-asymmetrical aspherical surfoce, 

(1 -2-5) the surface-having the diffracting action is a hologram type diffracting surface, ^ 
(.1^^6) the surface having the diffracting action is a quinoform type diffracting surface, 
(1-2-7) the surface having the diffracting action is a binary type diffracting surface, 
'\v (t-2-8) 1her6urfacechaving^4he'diffractingvactioh<is>ard{ff^^ : haNHng: a rotattomtasymmefricah striped 

20 'shape, - "J ' * jV- r = •• 

(1-2-9) the optical path is divided into a plurality by the order of the diffracting action of the surface having the dif- 
A . if; trading action; -and CMf ^inc I to ui^ri c^r >: :?ij'iac(^ M^«/u::t o;^[r----]:- j'.! \ \\ uu!:;(AO!<" > v:>v 

' - : (1 -2'10) it has a plurality of focal lengths differing depending on the order of the diffracting action of the surfece hav- 
ing the diffracting action. 

[001 3]^ *^ A <;ertain optical system of the present Irrvention is 

: 0. i (2ril>an;optical system cons^«J by ^ f:ilurality!df optical. elernents^and prdvkJed^ w^ at> least one optical element 
of the construction ) or {1 r2).. -^ - v^^s r^-hk ■ - ; ^os 

30 

: [0014] Piarficulariy^thereiar^ aspects characterized in thatvi,*:^!ewi o.; • v - -av :» ^ - :=:i!j;v Jho 

(2-1-1) the optical element is moved, whereby the focal length off the total system is changed, 
-.n(^*1c2)theoptical:;e[ementjsfnoved^along;a>f^^ c: ;.i«.raijs/ Oi ie.r:qjr,J:. h'o^i oii>' 

^K- 35 ur;:X2Kl-^ itiis pfOvkjedl\Mth'j^?cod3nalro|:^cal e^^ ^ ''-r- ru* dilr -otj- (> ^?c1i:^n. 

(2-1-4) the coaxial optical element is moved, whereby the focal length of the entire system is changed, and 
(^1-5) th^tK)axial opticaLeiemerTt is moved along: theTeference^ v/i;i \ uv;..,: lvU i.:. ^ : 

' 4o^4.A'^edatn;opticatrelementx^ithe presern i 

dence suflace, reflecting the light beam from the Incidence surface by one or more reflecting surfaces and causing the 
light beam to emerge from an emergence surface and in which at least one of the incidence surface, the emergence 
i surface andrther one or moire; reflecting surfaces' is a surfoce having the diffracting action, and formed witti rotation-asym- 
metrical stripes. 

■i 45 a [001 5] V- A certain optical system x>f the presentinventiori includes - ;oh y::?^ ■ ; i ,i • -r^ l 

7 v!(4rl)rat:leai5ioneopticaLeIerTiier3toftheconsfruction ; f ► e: ^ ^ ./5;"3r;: char :7ec^ hy t:ai-Kui!.iir:' 

: y(fdf1) md forrns^an objeot image on a predetermined surface through the optical element. 

50- BRIEp DESCWRTldW^OErTHE DRAWINGS i:;^=i: . m. -^^hi ootk ^i^ j ^'^mv it k v^^Ov^ni i>\oro :Gt':?»o»icv: ii. 

r*^ [0016] t:c:^J r^ierrjont ^or ret;^^:ainy UgiU -'SOin i^n '>r.::^}/-'n^\ nuiicire at m\<i opHcai civinierv^ by opo or nior^ rcii-vr^inp 

i^igcilUs aisch^matic: vidw/of -the e^^ 
55 -i ; Figj2 3$'B sd'j^matiG^viewof 'tiie essential portions of Embodimerrt 2 of the present invention. 
Fig. 3 is a schematic view of the essential portions of Embodiment 3 of the present invention. 
> -\ Figini ls;a'dchematip:view pf. the essential poilidnsrOf >Eitifc>odiment 4 of the present invention. 
Fig. 5 is a schematic view of the essential portions of Embodiment 5 of the present invention. 
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Figs. 6A a^fh are iHustrations^)f the paraxial refractive power dispositiori'ofRg's: ' 
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Fig. 7 IS p^hematic yjew of the essential portions of Embodiment 6 of the present invention. - * > i * 
Rg.SisaschematicviewofiheeissentialpdrtidAsofEmb^ «^-' 
Rg. 9 is a schematic view of the essentia! portions of Enibodiment 8 of the present invention 
Rg. 10 Is a schematic view of the 6s6ehtlai ^hions ^trWtxibimi^^ p^eienl invention. 

I=ig. 1 1 1S a schematic view of the essential portions of Embodiment 10 of the present invention 
Rg. 12'is a^erfiitic view of the essentia! portions of Embbdiment 11 of the^/e§erit'ii^^ion. 
Rgs. 1 3A anil 13B arie lilusfti-aiibns of the paraxial refractive power disposition of Rg. 12. 
Rg. 14 is a schematic view of thf| essential portions of Embodiment 12 of the present invention. 
Rg. 15 Is a sbhematic view of the essential portions of Embodiment 13 of the present invention. 
Rg. 1^ is asdiematic yiew f;^ the essential portions of Embodiment 14 of the present invention. 
Rg. 17 is a schematic view of the essential portions of Embodiment 15 of the present invention 
Rg. 18 is a conceptional Illustration of a coordinates system and a reference axis defining the off-axial optical sys- 
tem of the present inyentiorj, ■ i 

Rgs. JeAagc|-;l95 ar^ GpnoBptionerf.Yi^ illustrating a quinoform optical sy^steiji^ a binary optical system. 



DESCRIPTION OF THE PRJgFEBRED EMBODIMENTS 

r; ? v f- :K v.t. i ,..,--,,.„; 

1001^ Before starting the description of several embodiment^ of the present invention., description will be made of the 
w^of represeijting the.cortslituent.elemefWs of the embodiments and wwrnon items of all embodiments. The present 
emtxjdiment which will be described later is a qualitative one, and this is for the reason that an optical element having 
the diffracling«ction such as a hologram Is included in the interior of/an optical system and therefore an optical oath 
can l3e freely %et vinthoiuf reliortihglo a surface shape. ^^r; , 

tOOISJ Figs #8 lean illustration of a coordinates system definihg the construction of an off-axial optical system (optical 
element). In the embodiments of the present invention, it Is to be understood that the ith plane along the direction of 
traverof a ray of light (indicated by dot-and-dash line in Fig. Iftand called the reference axis my of «ght)*avelllna from 
the ot^ectside to the-lmage plane is the Ith plane. : V.k t ua; .vvv?=i^,bil!Xi 

'T^L 'l^f -l^' ^I'i"!:®^^'^"® 3" aperture, the seo^d planef fi fe ir^iirtiri'surlacdtoaxial with the first 
plane^ the^rd plane R3 is a reflecting surface tilted with respect to thesecond plane R2. the fourth plane R4 and the 
fifth f^^J^5^^er^^^;frteces shifted and tiHed with respect totHe preeedin^ plane^. and the sixth plane R6 is a 
refracbng^^ feWed and talted with respect to the fifth plane R5. The second plane R2 to the sixth plane R6 are 

f^^^SlteliJ'ntBl'* °* ^ °^ ^ ^' '® * 

R2 IS air, «ie medium fom the second plane l^tb fheW ^ne R6 Is a certain common medium, and the medium 
from ttie sixth pjane.B6to,a seventh plane R?.,^ shown, is air. 

Th? op^tsi!) s];^ oj:^ P!;^;iri^ optical system (optical element) i.e.. an optical sys- 

tem(opti9a^,elemen*^^n^^^^^^ path (reference axis) of a refer^feg; wavelength leading from 

^" ^mf!^fmf^^^^3:m^ a plane normal includes a curved surface (off-axial 

^""1^ ? VPl^? **'^'9f' r^'es f?qt .qanckje with the reference axis and therefore, the surfaces con- 

stiti^pg lhe,q^jCal,sj«teiTl (9PtiC|| :fjei^,l^:n(>,oqi^ optical axis. So. in the embodiments of the present inven- 
tior^jj^ al>solute coordinates system having the center of the effective diaheter of the ray of Bght on the first plane as 
the origin is first set. . i. ^ 

VMOZj In the embodiments of the present invention, the center point of the effecUve diamet# of the ray of light on the 
first plane IS defined as the origin and also, the path of a ray of light (reference axi? ray of light) passing through the 
or«in and the center of the final imaging plane is defined as the reference axis of the opticarsystem. The reference axis 
in the present embodiment has a direction. The direcfion is a direction in which the reference axis ray of light travels in 
case of imaging. / . 

(0023] While in the embodiments of the present invention, the reference axis which is the referenced the optical sys- 
tem is set as described above, the axis which Is the reference of the optical system can be determined by adopting an 
axe convenient in optical design, in the anangement of aberrations or in expressing tfie shape of eac^ surface consti- 
tubng the optocal system. Generally, however, the path of a ray of light passing through the center of tfie i^ge plane 
^ and one of the aperture, the entrance pupil, the exit pupil, the center of the first plane of the. optical system and ttie 
« ' ^^J^ of the last plane of the optical system Is set as the reference axis which is the referenfce of the opfcal systenV 
^ i-T^^ 1 *f e"^"^ of *he present invention, the route along which a ray of light (refereni;e axis ray tof 
light) passing through the center point of ttie first plane, i.e.. ttie effective diameter of ttie ray of light on the aperture 
..^ plane to ttie center of ttie final imaging plane is refracted and reflected by each refracting surface and reflecting surface 
^ IS set as ttie reference axis. The order of ttie respecttve surfaces is set to ttie order In wfiich the reference axis ray of 



BNSDOCID: <EP____0908750A2_L. 



EP 0 908 750 A2 



light is subjected to refraction and reflection. 

[0025] Accordingly, the reference axis finally reaches the center of the image plane while changing its direction along 
the order of the respective surfaces in accordance with the law of refraction or reflection. 

[0026] As regards the constituent surfaces of the optical system according to each embodiment of the present inven- 
5 tion, for simplicity, the constituent tilted surfaces are all basically tilted in the same plane. So. the axes of the absolute 
coordinates system are defined as follows: 

Z-axis: the reference axis passing through the origin Jipward the'second plane R2 

Y-axis: a straight line passing through the origin and iforming 90** counter-clockwisely in the tilted plane (the plane 
10 of the drawing sheet of Fig. 1 8) with respect to the Z-axis 

X-axis: a straight line passing through the origin and perpendicular to the Z-axis and the Y-axis (a straight line per- 
pendicular to the plane of the drawing sheet of Fig. 18) 

[0027] Also, to represent the surface shape of the ith surface constituting the optical system, it is easier to understand 
75 in recognizing the shape to set a local coordinates system having as the origin a point at which the reference axis and 
the ifli surface intersect with each other, and represent the surface shape of the surface by the local coordinates system 
thanilo represent the shape of the surface .by an absolute coordinates system and therefore, the embodiments indi- 
cating the construction of the present invention, the surface shape of the ith surface is represented by the local coordi- 
nates. systerrti. . 1 — . X 

20 [0028] Also! tiie angle'df tilt of the ith surface Sn YZ plane is represented by dn angle Oi (unit: *») in which a counter- 
clockwise direction relative to the Z-axis of the absolute coordinates system is positive. Consequently, in the embodi- 
ments of the present invention, the origin of the local coordinates of each surface is on YZ plane in Fig. 1 . There is not 
the eccentricity of the surfaces in XZ and XY planes, Furtfi^r, the y- and z-axis of the local coordinates (x, y, z) of the 
itii surfiace are inclined by the angle ei in YZ plane with respect to the.absolute coordinates system (X, Y. Z), and spe- 
25 cifically are set as follows: 

V 

z-axis: a straight line passing through the origin of tlje local coordinates and forming the angle ei counter-clock- 
wisely in YZ plane with respect to the Z-direction of the absolute coordinates system \ 

y-axis: a straiglrt line passing through the origin o^ the Weal coordinates and forming 90^:counter-dockwisely in YZ 
30 plane.with respect to z-dtrection \ / \- • 

X-axis: a straight line passing through the origin of the Ideal coordinates and perpendicular to YZ plane 

» • ■ V 

> r- • 

[0029] Also, Di is the scaler amount representative of the spacing between the origins of the iocal coordinates of the 
ith surface and tiie (i+1)th surfacep and Ndi and Vdi are the refractive index and tiie abbe number, respectively, of the 
35 medium between the ith surface and tiie (i+1)th surface. ^. \ 

[0030] Here, a spherical surface is a shape represented by tiie following e)q>ression: 

40 i+{i-(>rVyfl/^r^- - - 

[0031] Also, tiieoptical system of the present invention has at least one rotation-asymmetrical aspheric^ surface, and 
the shape tiiereof is represented by tiie following expression: 

[0032] Assuming tiiat \ 

45 ^^-.\^ ' ,y 

A = (a+b)«(y^*cos^t+x2) \ 
B = 2a»t>*cos t;[l + {(b-a) •ysin t/( 2a •b) ^ , ' 
+ [l+{(b-a) 'ysin t:/(a-b)}-{yV{a^b)}-{4a-b-cos^ t + 
{a+b)2 s±n^ t>xV(4a2b^cos^ t:))^/^], 
Z = A/B + Co2y^ + C^oX^ + CoaY^ + Cj^x^y + 6^^^ + 



so 



55 



BNSOOCID: <EP ^0908750A2J_> 



EP0 908^oA2^:;^ 

[0033] The above curved surface expression has only the terms of evenrnumber orders with respect^^to 
fore, the curved surface prescribed! byvthe above curved surface expression is bia plane-symmetrical shape having y^:? 
plane asa symmetrical plane^ Further; when the follow^ condition is satisfied. It represents a shape symmetrical with 
respect to xz.plane, n ■ .f. -.u .-j . • . ;J..... . -^-nri..:.-. n--:,. ^ • 

Further, when 1 - yr?.;;; -v^;-.-. v^Imho'i". .:r f-^^-iv^ of-ti of i'^-"' • 'ricl-^-n-i^^ i-:;-;^- £..;;. ^■^r>-!$iri:^e"*?" i? -:*"*^.cfr-?»V'i ^'^'r - ;T::?^v.t'r: 

is satisfied, ft represents a rotationTsymmetrical shape. When theaboveTmentioned conditions are not satisfied, it rep- 
resents a rotation-asymmetrical' shapeiii?^ ? : A r ^: ' -rj:; 

[0034] In describing the optical system included in ttie following embodiments, common terms and action will now be 
15 described. A;sui^ce (dtffractionLgratingiSurfaice).having diffracting action used in the^fblldwihg efnbodiments is literally 
a surface which can add the action; of changing a phase level to: a surface which provides a boundary and cause the 
deflection by diffraction. • " ■•. i ^cVo^- \~ v .^-ii-iOiOHM v^oi: ^=::i.v^.^i: : j^u^xm:. 

[0035] The surface having such diffracting action can be dassif iediroughtyJnto a'hologram type and a quinofbrm type 
as the classification toy a maiiufadturing fihettwd.*<'The toface of thethologiam type is generally La surface havinga holo- 

20 gram in which phase information is recorded as the interference fringe of two wave fronts called coherent object light 
and reference lighti arid tiiere are an amplitude lype in which phase information is recorded asthe difference in frans- 
mittance andia phase type in which phase information is recorded as a variation in refractive index. Recentiy. CGH 
(computer hologram) in which tiie shape of £in interference fringe «B computed by a computer and the pattern thereof is tv 
depicted oh a^ubstratehas! also come to be made, and tiiis is not made by causing actual two wave fronts to interfere 

25 . with each other, but yet is conceptually the same and tfierefore. it Is to be understood that it is included in the hologram 
typex--$: - -jr-K^^'. -^cv^:-' r.'^' vh'- ,>;-no:-^ i^-^ri^t'-n iC 

[0036] On the otiier hand, the quinoform type depicts the minute stripes of regular diffraction gratings in which tfie 
manner of passing light is changed on a bourKJary surface, and this ateairtcludes 

structure ih which fight passing portions and light intercepting portions are repeated, and a phase type (quinofbrm) in 
30 which a ph^e change off one period is a sfripe as a change in the tiiickness of an angle structure on a boundary surface 
and fthis structure isnaften r^^eatedtp^tha-eby enhance the diffraction efficiency of a particular order. 
[0037] This phase type enables a mold made by working (braze-working) each stripe by the use of a minute turning 
tool to be made and theshape tfiereof to be transferred toian bpticairmaterial such as glass or plastic by the use off the 
nfx>ld and therefbre;iidenticdlqu!riofbmriscah bemass-^^ Recentiy it has often been practiced not 

35 vto express the angle strtlcture bf one period of this quinoform type as a continuous function (Fig. 1 9A). but to approxi- 
mate it as a sjaircase-llke shape of^the power of^i(n-tiT power of 2) steps sis shown^irt^Fig.--^ 
staircase structure by^^epeating me technique of photolithography = N times. ?.. 

[0038] TTie tiius made quinofbrm is particularly called a c^inoform of tiie binary type, or simply a diffraction element 
of tfie binary type. This diffraction element of the binary type, if a mold for working is made by the technique of photoli- 

40 thography like an ordinary quindform. can f ansffer its shape to an optical roaterlaf such as glass dr plastic by the ise of : , 
the mold and therefore;diffcaction elehients of the same-binary^typecanb^ mass-product inexpensively Thfe moldforthe 
the diffraction element of the binary iypemadabyfthe technique of photolithograpl^i cornparedtcwttii^the moM fbr^e . e 
ordinary quinoform worted by tiie Use of a turnirigitool is'eas/ forgive it mihut^^ 
element of the binary type has become tiie mainstream of the diffraction element of the quinoform type. 

45 ' [0039] J SEach embodiment of tiiepresent^invention will now described. Fig. 1 is a cross-sectional view of the essen- 
tial portions of Embodiment 1 of the present invention and also shown an optical path. B1 designates an example of an 
optical elen^erit (off-aM'al optical element) jn» which a plurality of reflecting surfaces having a curvature are formed Inte- 
grally with bne anotiier. :Thetbpticjal>elemein'&t fbmrts an o^ reflecting surfeces 
of a concave min-or s2, a concave min^or s3, a concave mirror s4 and a concave mirror s5 and an emergence r^racting 

so sur^e ^ iri successaonialor^ )a referen«=axi^ ray of light La from an object side on the surfece of a transparent mem- 
ber. 

[0040]?«^Trhe reflecting surfaces s2 to s5 are off-axial curved surfaces. The refracting surfaces and the reflecting sur- 
faces are all symmetrical with respect to the plane off the drawing sheet of Fig. 1 (YZ plane) and accordingly, the refer- 
ence ax^ areall contained in YZ planej^l^ie direction of; t^^ the direction of the 
55 emergence riefference axis of tiae optical elemeht;B1 ai^e paralfel to.^achi otherf Stirid i^e^e samecdirectlons. Reflecting 
film is worked ©n eadh.reflecting surface. Also; the^opti'cal el^mert^ 

sheet of "Fig.: 1;: u s^C'iOnuil-^j Ai^s-^^A \\\r ,--.?r>:u'r A f■';-v■^;ldbvf^^^'i A va 'h'.u^xvf>C:n, ?'V'0.^r-^r 

[0041] im denotes Ihelirtiai image:plane,and;tiie image pickup ^rface df an Infiage pickup elemiBrit such as a CCD is 
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positioned there. P designates an aperture disposed on the object side of the optical element B1 , and La denotes the 
reference axis of an optical system. 

[0042] The imaging action in the present embodiment will now be described. A light beam Ls from an object lying at 
infinity has its quantity of incident light limited by the aperture R whereafter it enters the incidence refracting surface sdl 

5 of the optical element B1 and is refracted thereby, and thereafter arrives at the concave min-or s2. 

[0043] The concave mirror s2 reflects the object light beam Ls toward the concave mirror s3 and also, the object 
image is priniarily formed on an intermediate imaging plane IP1 by the power of the concave min-or s2. 
[0044] Thus, the object image is formed |n the optical element B1 at an early stage, thereby suppressing an increase 
in the effective diameter of the ray of Hght on a surface disposed more adjacent to the image side than the aperture P. 

10 [0045] The object light beam Ls primarily formed on the intermediate imaging plane IP1 is re-fbrmed on an Interme- 
diate imaging plane IP2 by the concave mirrpr s3 and the concave mirror s4. whereafter it is sequentially reflected by 
the concave mirror s5, where it is refracted a,nd emerges from the optical element 81 . 

[0046] The object light beam £^7^ then J^^^ on the final image plane im. Thus, the optical element 81 repeats the 
reflection by the plurality of reflecting mirrors having a curvature, and yet functions as a lens unit having desired optical 
15 performance and having the imaging action as a whole and very thin is X direction. 

[0047] Also, in the present bptical system, the optical element B1 is moved in a direction parallel to the incidence ref- 
erence axis La thereof tp thereby effect focusing. 

[0048] Also, Fig. 1 shows an example Of the opticaKsystem of Jhe present ir}vention, and as the optical system of the 
present invention, besides this, there is. fbr example, a dooming optical system in which there are disposed a plurality 
20 of optical elements in which a plurality of reflecting surf^c^ having a curvature are formed integrally with one another 
and the plurality of optical elements are moved to thereby effect zooming. 

[0049] The optical system of the present invention is incorporated and used in a video camera, a still video camera, 
a copying apparatus or the like. Vj; . „J__ ™ 

[0050] In the present embodiment, the refracting surfaces sd1 and s6 may be formed by a lens system, the reflecting 
25 surfaces s2, s3. s4 arKj s5 may be formed by mirrors/ and the optical element. B1 may be constituted by a hollow ele- 
ment. This also holds true in all of the following embodiments. 

[0051 ] In the optical element of the present embodiment the reflecting surfaces s2. s3, s4 and s5 are off -axial curved 
surfaces gCMfved surfaces in which a reference axis formed by the optical path of a ray plight of a reference wavelength 
passing thrbugh the center of the aperture P and the center of the image plane frh and the plane normal at a point of 

30 intersection do not coincide with each Other). 

[0052] In.the off-axial optical element B1 . due to the asymmetry of the incidence of the light beam orrto the off-axial 
surface, the/ray of light on the axis (reference axis) generally has asymmetrical aberrations such as astigmatism and 
coma. To-remove such asymmetrical aberrations, the off-axial curved surfaces Usually use asymmetrical aspherical 
surfaces, jjtowever, when the number of the surfaces is small, such asymmetrical aberrations cannot often be removed 

35 by these off-axial curved surfaces alone. In that case, two refracting surfabes forincidence^and emergence are also 
made into off-axial refracting surfaces to thereby mitigate the asymmetrical aberrations. o 

[0053] If in the present embodiment, the refracting surfaces are given the diffracting action of creating asymmetrical 
aberrations, the asymmetrical aberrations can be mitigated even if. the surface sh^pe of these refracting surfaces is not 
made asymmetrical (fbr example, by spherical surfaces which are not only easy 16 make but also can be used as sur- 
40 faces providing the reference during the measurement of the surface shape) and the number of the surfaces need not 
be increased. 

[0054] In the present embodimeht. the.surfaces g'lypn sucb diffracting action are given a symtx)l sd (pay attention 
sdl). This also holds true in the following. , IJ^' 

[0055] The embodiment shown in Fig; 1 is one in v^lch the refracting surface which is the first surface is given the 
45 diffracting action and therefore,, the fii;st surface is indicatedjas sdl . To give the refracting surface the diffracting action 
of creating asymmetrical aberrations, a method of attaching to the Incidence surface a hologram having rotation-asym- 
metrical stripes and a method of making a quinoform on the shape of tiie refracting surface are applicable. 
[0056] As a method of m^ng a quipofojrm on a refracting surface of a certain shape, there is a method of brazing by 
the use of a minute turning tool or a nriethod ofatfaching grating stripes of the binary type as shown in Fig. 19B. 
50 [0057] \A/hen it is desired to rnaKe such^qulnoft)riTi type in a great deal and inexpensively.vstripes may bel made on a 
mold in advance by the use of the 'method of brazing by the use of a minute tjrning tool or the technique oFTithography. 
and the shape thereof may be ti-ansferred when an optical element is to be formed of glass or plastic. 
[0058] Fig. 2 is a schennatic view of the essential portions of Embodiment 2 of the present invention. In the present 
embodiment, a light beam Ls from an object surface of lying at a finite disfance passes through an aperture P. and 
55 thereafter enters an optical element B1 comprising two refracting surfaces and five reflecting surfaces and integrally 
molded. In tiiis optical element 81 . besides reflecting surfaces s2. s3. s4. s5 and s6, a refracting surface sd7 is an off- 
axial curved surfacis (a curved surface in which a reference axis formed by the optical path of a ray of light of a reference 
wavelength passing tiirough the center of the aperture P and the center of the final image plane im and the plane nor- 
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mal at a point of irrtersectionxto not coineide with each other). 

[0059]: :: This optica element B1 is an off-axial optical element similar to Embodiment .1 Portions of asymmetrical aber- 
rations created by these surfaces which cannot be corrected by^the shape of each suilace are conrected by giving rota- 
tion-asymmetrical diffracting action to the incidence refracting surface and the emergence. refracting surface; and Ihis 

5 is similar to Embodiment 1.:;.;^iiT ,;:t.vi i:'c^-.v i-...: 

[0060] -Again in this emlx)drment, the surfaces given such diffracting action are given a symbol sd and are indicated 
as sdl and sd7. To give a refracting surface the diffracting action of creating asymmetrical aberrations, a method of 
attaching to the incidence surface a hologram having rotation-asymmetrical strip^oraimethod of making aquinoform 
on the shape of the refracting surface is applicable, and this is sinriifar to Ern^ a- , 

10 [0061 ] The technique of brazing as a method of making a quinoform on a refracting surface of a certain shape, the 
technique of making thie; binary type by me use of the lithographyartuand a method of makinga mold and transferring ^ 
the shape thereof when it is to be made inexpensively arxJ in a great deal are also similar to those in Embodiment 1. 
[0062] Fig. 3 is a cross-sectional view of the essential portions of Embodiment 3 of the present Invention. In this 
emtx)diment, as in EnitxxJiment 1 , a light beam Ls from an object surface lying at infinity passes through an aperture 

15 F, and thereafter enters; an optical. element Bl comprisirig two refracting surfaces and four reflecting surfaces and lnte- ; 
grally niblded ^n this optical Blemerit B1 . reflecting surfaces s2, s3, s4 and s5 are off-a5dal curved surfaces <curved sur^ 
faces in which a reference axis formed by the optical ^ath of a ray of light of a reference wavelength passing tiiroiigh ; j 
the center of the aperture P ahd the center of the image pidne im and ttie plarte norrnal at a point of tntersectibn do not 
coincide withieach other). 

20 [0063] : Thisr<)ptical element isian off raxial optical element similar to Embcdiment 1. This optical element differs from::. 
Embodiment 1 in that the optical path of the reference a>d6 is of an intersecting type. Tlie off-axial; optical element of 
such an intersecting iype has the feature that the optical path can be made'compact. As in Embodiment 1, portions of? 
asymmetrical aberrations created by these off ^axial curv6d sairfecJEK which. cannot be fcon'ecled by theWhape of eachih 
surfaceare corrected by: giving the rotation-asymmetrical diffracting action to the incidei^e refracting surface and the : r 

25 emergence refracting surface. 

[0064] Again in the figure of this embodiment, the surfaces given such diffracting action are given a symbol sd and 
are indicated as sdl^and sd6.;To;gtve a refr^ng surface the diffracting action of creating asymmetrical: aberrations^ aci 
method of attaching to tiie incidence surface atidlogram having rotation-asymtTielHcaJ.stfpes or a method of making a 
quinoform on: a refracting surface of, a cerfainishapeiis applicable; and thi^ iis sinrwlar tOjEmbodiment^li The technique v 

30 of brazingas atTiethod ofimakingaquinofbrm on the shape of a refiracting surface, the technique of making the binary 
type by the iise: of lithography art. and a mettiod of making a mold and transfen-rng the shape-thereof men it is to be 
made inexpensively and in a great deal are also similar to those in Embodiment 1 . 

[OOOq^cf^ig. 4 is a cross^ectional view of the ess»itiaLportionsjOf Embodiment 4 of the present invOTtion;iIhe optfeal mi 
system ofithis embbdiment fe a hybrid opticailisystemrconrprising (first optical element) B1 li ^ 

35 andanj6rdinary.ooa)djai opti^ LEI. In this optical system, as in Embodiment 3, a 

light b^^iti Lsfroman-dbject surface lying at infinity-passes through an aperture P, and thereafter enters the first optical 
element B1 comprising two refracting surfaces and four reflecting suriiaces and integrally molded. In this first optical ele- 
ment B1 , reflecting surfaces s2, s3, s4 and s5 are off-axial curyed.s^rfaces (surfaces in which a reference axis formed 
by the optical path of a ray of light of a reference wavelengtti passingth^^ the center of the aperture P and the center 

40 of the image surface im and the plane norma! at a poirit of intei^ecijori do not coincide with each other) and therefore, 
this optical element B1 is an off-axial optical element similar to Embodiment 3. 
[0066] V .As in.Enritxxlimenti3,£pcffitions of;asyOT 

canrtot t^ corrected by tiie shape of 6ach 6Urfaeeare corrected i>y giving rotation-asymmetrical diffracting action to the 
incidence refracting surface and tiie emergence refracting surface. In this optical system, however, rotation-symmetrical 
45 aben^attons need not always be renrx>ved by tiie first optical element B1 . In this Embodiment 4. tfie rotation-symmetrical 
aben^ations are renK>ved by ihe^ entire ^stem comprising the coaxial optical element LEI comprising surfaces s7 and 
s8. besides the first optical element B1 . Again in the figure of this Embodiment, surfaces given the diffracting action are 
given a symbol sd and arejnidicated as sdl ^nid sde.j^^ ^ . , . , % . 

[0067] To give a refracting surface the diffracting action of creating asymmetrical aberrations, a method of attaching 
so to the incidence surface, a hqipgram ^ haying i;ota1ion-^^me^ical stripes or^ a niethocJ pi rjiaking ,a quinofomi on a 
refracting surface of a certain shape is applicable, and this is similai^ to Embodiment i. The technique of brazing as a 
method of making a quinoform pn the shap^ of a r^^9tirig. surface, the technique of making the binary type by the use 
of lithography art. and a metiiod of making a mold and transferring the shape tiiereof when it is to be made inexpen- 
sively and in a great deal are ^Iso.similar to those in En*^ ^ 
55 [0068] Rg. 5 is a cross-sectional view'd^ the esseWial portions of Embodirirferit ^ off tiie optical system of the present 
invention, and Rgs. 6A and. SB are illustrations of tiie paraxial refractive power disposition of Fig. 5. 
[0069] This embodiment shows a zoom lens of the so-called two-unit type using two off-axial optical elements B1 and 
B2. it also shows a case where a surface giving diffracting action to a refracting surface is disposed in a movable unit 
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in the zoom lens. 

[0070] In Fig. 5. B1 and B2 designate first and second optical elements having a plurality of curved reflecting surfaces. 
The first optical element B1 is a lens unit comprising, In succession from the object side, a concave refracting surface 
sdl, four off-axial reflecting surfaces, i.e., a concave mirror s2. a convex min^or s3. a concave mirror s4 and a convex 
5 min-or s5, and a convex refracting surface sd6. and having positive refractive power as a whole. The direction of a ref- 
erence axis entering the first optical element B1 and the cfirection of a reference axis emerging therefrom are parallel 
to each other and the same. 

[0071] In this first optical element 81 , the refracting surface sd1 and the refraciing surface sd6 ai-e given the diffracting 
action and are given the action of correcting a rotation-symmetrical aberration component and a rotation-asymmetrical 

10 abenration component created by this optical element 81 . 

[0072] The second optical element 82 is a lens unit comprising, In succession from the object side, a convex refracting 
surface s7, four off-axial reflecting surfaces, i-e., a convex mirror s8. a concave mirror s9, a convex mirror slO and a 
concave mirror si 1, and a convex refracting surface sd12, and having positive refractive power as a whole. As in the 
first optical element 81 . the direction of a reference axis entering the second optical element 82 and the direction of a 

15 reference axis emerging therefrom are parallel to each other and the same. In this second optical element 82. the 
refracting surface sd 12 is given IHe drtfracting' action and is given the action of correcting a rotation-symmetrical aber- 
ration component and a rotation-asymmetripal aberration component created by this optical element 82. 
[0073] Ipf designates an optical correct"ri(g*plate comprising a plane parallel plate, or a rock crystal low-pass filter, an 
infrared cut filter or the like! Also, im denotes an image pickup element surface such as the image pickup surface of a 

20 CCD (image pickup medium) or the like. P designates an aperture disppsec| onvth^object side of the first optical ele- 
ment B1. _ 

[0074] The imaging action of the present embodiment will now b^'described. A light beam Ls from an object has its 
quantity of incident light regulated by the aperture p» is refracted and diffracted by and transmitted through the concave 
refracting surface sdl of the first optical elehriint 81. repeats reflection on the conpave mirror s2. the convex mirror s3, 

25 the concave mirror s4 and ttie convex mirror s5. is subjected to converging oi' diverging action by the power of each 
reflecting minror. arrives at the convex refractin<g surface sd6. is refracted and diffraicted there and emerges from the first 
optical element 81 . In the first optical element' 81. the intermediate image of the; object is once formed on an interme- 
diate imaging plane (prim^ Imaiging plane) iH- ' --=*5^. - \- 
[0075] It is effective for suppressing an increase in the effective diameter of a r^y of light on a surface disposed nriore 

30 adjacent to the image side ;than to the aperture p that the object image S^thus once formed in the first optrcal element 
81 . The light beam primarily imaged on the primary imaging plane IP1 repeats i'ef lection on the convex mirror s3, the 
concave mirror s4 and the 'convex min-or s5. is subjected to the converging or diverging action- by the power of each 
reflecting mirror, and arrives at the convex refracting surface sd6. and the light beam refracted and diffracted there 
forms an object image on a secondary imaging plane C (IP2). 

35 [0076] Thus, the,firsioptical^ element 81 functions as a lens unit which repeats the refraction by the incidence and 
emergence surfaces and the rrflection by a plurality of curved reflecting mirrors arid whichis provided with desired opti- 
cal performaridfe and has positive power as a wtiole. 

[0077] The light beam is then transniitted through the convex refracting surface s7 of the second optical element B2. 
whereafter it repeats reflection on the convex rrnnror s8. the concave mirror s9, the convex mirror slO and the concave 
40 min^or si 1 . is refracted and diffracted by the convex refracting surface sdl 2 and' emerges from the second opttoal ele- 
ment 82. Again in the second optical element 82, the intermedfate image of the object is once formed on an interme- 
diate imaging plane IPS. 

[0078] The light beam which has emerged from the second optical element 82 passes through the optical correcting 
plate Ipf. and thereafter is imaged on the image pickup element surface im. Thus, the second optical element 82 re- 
45 forms the object image formed on the secondary imaging plane C (IP2) by the first optical element 81 on the image 
pickup element surface ihrc^hd like the first optical element 81 , it functions a|^^ns unit which repeats the refraction 
and diffraction by the incidence and emergence surfaces and the reflection byvth:^ plurality of curved reflecting min'ors 
and which is provided wiiff desired optical performance and has positive poweir W a whole. 

[0079] In the present embodiment, the first optical element 81 and the second optical element 82 are discretely 
so moved relative to the imaging plane im. thereby changing the focal length (imaging magnification) of the optical system 
(this Is an operation call^ ifcfcal length change or zooming) without changing ihiel^al imaging position im. 
[0080] The focal length^x^nging action of the present embodiment will now;fe^4iescribed with reference to Figs. 6A 
and 68. Figs. 6A and 6^. ^how optical anrangements in which each of the op^caTelements 81 and 82 of Embodiment 
5 is a single thin lens arid'lhe optical system is developed relative to the reference axis thereof. Fig. 6A is an arrange- 
55 ment view showing a state in which the optical system is at the wide angle isnd (W). and Rg. 68 is an arrangement view 
showing a state In which the optical system is at the telephoto end (T). 

[0081] In Figs. 6A and 68. the focal length of the first optical element 81 is defined as fl , and the focal length of the 
second optical element 82 is defined as f2. When the optical system is in the state of the viride angle end. when the 
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distance from the front side focus F2 of the second optical element B2 to the image point of the first optical element B1 
IS defined as xW(-) and the distance from the rear side focus F2' to the imaging plane im Is defined as xW if Newton's 
imaging formula 



xVTxW = -f2*f2 



is established, the imaging magnification p2W of the second optical element B2 is 



P2W = (xW + f2)/(-xW + f2) 
= f2/xW 
«= -xW/f2 

and the focal length fW of the wide angle end is 

v: " fw = tr B2W 

:^ r =fi*f2/xw 

10082] Here, the second optical element 82 is moved while satisfying Newton's imaging formula and the first optical 
element B1 is moved so as to conect the change in the position of the object point of the second optical eldment B2 
resulting from the movement of the second optical element 82, whereby the optical system changes the focal^^ength of 
the whole without changing the final imaging position im. ^ 
[0083] Let it be assumed that the second oprtical element B2 has been moved by a predetermined amount tndjbcsA 
length change has been effected from^the wSe angle end (W) to the telephoto end (T): When during this state of the 
telephoto end. the distarice from the front side focus F2 of the second optical element 82 td the image point of the first 
optical element 81 is d^ined as xT(.) and the tfistance from the rear side focus F2' to the imaging plane im is defined 
as xT, the imaging magnification p2T of the second optical element 82 is > i < 

"■ 1 / 

K p2T = (xr + f2)/(-xT + f2) \ - 

=:f2/xT f I 

= -xT7e \ f 



and the f6^ length fT of the telephoto end is 



ii 



CM 



fT = f1*p2T 
= frf2/xT 



and therefore, the'variable power ratio Z of the optical system is 



'I 



Z = fT/fW 
= X W/xT. 



V 



[0084] In the preSertt embodiment, the secondary imaging plane C (IP2) as the intermediate iin^gliig plane is present 
intermediately of the first optical element B1 and the second optical element B2. but the intermedial^ imaging plane 
may be present in the interior of the first dptical element B1 or the secondpptical element 82. The imaging relation of 
the second optical element 82 holds good with this intermediate imaging position as the objeqtpoint. 
[0085] Also, whenunlike the construction of the present embodiment, there are, in succession from the object side, 
an optical element having negative refractiye power as a whole and an optical element having positive refractive power! 
or when there are. in succession from the object side, an optical element having positive refractive power as a whote 
and an optical element having negative refractiye power, the optical elements can be moved relative to each other to 
thereby change the focal length (imaging magnification) of the photo-taking optical system. 

[0086] Also, as regards the direction of movement of the optical elements during a focal length change, if the inci- 
dence point position of the reference axis of each reflecting surface is not changed during the movement from the wide 
angle end to the telephoto end. the enor occurring during the focal length change can be minimized and therefore the 
directions of the reference axes entering and emerging from the optical elements 81 and 82 can be made parallel to 
each other and the optical elements can be moved in parallel along the reference axis lines entering and emerging from 
the optical elements. 

[0087] In this case, when constructing an optical element in which the directions of the reference axes entering and 
emerspng from each optical element are parallel to each other, there are conceivable two kinds of patterns, i.e., making 
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the direction of emergence the same as the direction incidence as shown in the present en^Dodiment, or making the 
direction of emergence opposite to the direction of incidence as shown in the next embodiment. 
[0088] When the direction is made the same as the direction of incidence, it becomes possible to shift the positions 
of the incident reference axis and the emerging reference axis to desired positions. Also, when the direction of emer- 

5 gence is made opposite to the direction of incidence, the spacing between the incidence side and the emergence side 
changes by the same amount as the amount of movement with the movement of the optical element and therefore, it 
becomes possible to change the length of the optica] path by double of the amount of movement as a whole. 
[0089] Thus, the zoom optical system using the off^axial optical system can be constructed by the atx>ve<lescribed 
two kinds of patterns and therefore, the degree of fre^ibm of the optical arrangement can be increased. 

10 [0090] However, the direction of movement of the optical element need not be parallel to the directions of the refer- 
ence axes entering and emerging from the two optical elements, but for example, the direction of the reference axis 
entering the optical system and the direction of movement of the movable optical element may form a certain angle 
such as 30**, 45"* or 60** therebetween. 

[0091] Fig. 7 is a schematic view of the essentiarportions of Embodiment 6 of the present invention. This embodiment 
15 shows a so-called two-unit type zoom lens. This embodiment shows a.case where the direction of movement of an opti- 
cal etbment B2 moved during a focal length change Is not parallel to the direction of the Incidence reference axis L1a 
of ar^, optical element B1 disposed most adjacent id the object side. It also shows ~a case where a refracting surface 
giverfdlffracting action is disposed in a fixedjens jinit in the zoom lens. ' 

[0092] JnJFig^.7. B1 ar«J^^B2 d^ig^^^^ first anci second optical elernents, /^pectively, having a plurality of curved 
20 reflecltTrig surfiees. The fir^t optical element B1 is^ lens unit comprising, In succession from the object side, a concave 
refradting surface sd1 , four reflecting surface^, i.e.'i, a concave mirror s2, a convfex'^minor s3. a concave mirror s4 and a 
concave mirror s5. and a convex refracting SLMacesd6. and having posltij^/efractive power as a whole, and becomes 
a fixeb lens unit during zooming. The direction of a^ reference axis Lla ienterlng the first optical element B1 and the 
direction of a reference axis La2 emerging therefrom have an inclination of about 45\. The refracting surfaces sdl and 
25 sd6 are given diffracting action, and design is made such'that the correction of symmetrical aberrations and asymmet- 
rical aberrations Is effected by the use of the degree of freedom of the diffracting actiori f nd the number of constituent 
surfaces becomes as soiall as possik>le. I / \ 

[0093] The second optical element B2 is a lens unit comprising, in sijccession from the object side, a concave refract- 
ing surface sd7. six reflecting surfaces, i.e. a concavisrniinror j^, a concave mirror s9. a corfvex mirror s10, a concave 

30 mirror s11, a concave minror s12 arxi a concave mirror s13.^indVconvex refracting surface^14,^^ having positive 
refractive power as a whole. The direction of a reference axis La2 entering the second optical ejement B2 and the direc- 
tion of a reference axis 1^3 emerging therefrom are parallel and opposite to each other. 1pf designates an optical cor- 
recting plate comprising a plane parallel plate, or a rock crystal low-pass filter, an infrared cut filter or the like. 
[0094] im denotes an image pickup element surface or the ima^e pickup surface pf . a CCD (image pickup nriedium) or 

35 the like, p designates an aperture disposed on the object skJe of the first optical.^lement B1 . ^, 

[0095] The imaging action of the present enrtfjodiment will now be-described. A light beam Ls from the object has its 
quantity of Incident light regulated by the aperture p, whereafter It is refracted and diffracted by and transmitted through 
the concave refracting surface sdl of the first optical element B1. repeats reflection on the concave mirror s2. the con- 
vex mirror s3, the concave mirror s4 and the concave mirror s5. is jsubj^i^ to the cbnirei^ging or diverging action by the 

40 power of each reflecting minror, and anrives at the convex refrai^Vi^ kiiitace sd6, and the light beam reftacted and dif- 
fracted there forms an ofcjject image on an Intermediate imaging plane iklTThe Intermediate image of the^ject is also 
once formed in the first optical element B1. \ -r 

[0096] The light beam from the object image on the intermediate Imaging plane IP1 is transmitted through the con- 
cave refracting-diffracting surface sd7 of the second optical element B2, whereafter it is refracted and diffr|icted by the 

45 convex refracting-diffracting surface sd8 via the concave minror s8. the.^pncave mirror s9, the convex mirror slO. the 
concave mirror s11 , the concave min-or s12 and the concave mirror si3, and Emerges frorn the second bptical element 
B2. The intermediate image of the object is also orrce formed in the second optical element B2. y"' 
[0097] The light beam which has emerged from the second optical element B2 passes through the optical correcting 
plate Ipf. and thereafter is imaged on the image pickup element surface im. . -■^■^r^A' 

so [0098] In the present embodiment, focusing to different object distances effected by moving the secorvJ optical ele- 
ment B2. At this time, the second optical element B2 is moved in parallelism to the direction of the reference axis La2 
emerging from the first optical element B1. but the direction of the reference axis Lai entering the first optical element 
B1 and the direction of the reference axis emerging therefrom form an inclination oiabout 45'' and thus, the direction in 
which the second optical element B2 is moved during focusing is inclined by about 45^iwith respect to the direction of 

55 the reference axis entering the first optical elemerrtBL 

[0099] Accordingly, the second optical element B2 Is moved in parallelism to the directions of the reference axes La2 
and La3 entering and emerging from the second optical element during focusing, but it is moved with an inclination of 
45** with respect to the direction of the reference axis Lai entering the first optical element B1 . 
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^'^"^ embodiment, as in Embodiment 5. the first and second optical elements B1 and B2 are 
movec^jelatiYe!to.the Jmagingplane jn. tl^^ ther,«*jy c^iange the imaging mpgijiticatiDn of 4he optical system. However 
5 tewhich the^dir^ctions of,,t.,e reference axe^.e^S^aSe^ 

45 andlherelore. .n:order to maintaiMhedir^ction of.the referenQe axis ^nterind the second optical elerrontKlrom 
ismtp:thedir^.on of tti^ H^cide^ , . . , ^ 

Presentembcdimefit aflightbeam Ls teman object surface at infinity passes through an aperSeP 
«*.er^fterrt erte,s an optica. 6lemert B1 of Which th^ 
coaw.ses^feur.^.ectm^ 

,5 center Of the aperture P and the center of the imagVplane^m^rS . . 

«L7'»"«™'7';«*«P«'^<>f^^'^ thisopticalielem^nt Bl fe^ ^ 

off-axol optical. element: 'v- , , .. , , ^ . . , 

[010^:j.,ln^ph an Off.aJcial optf cat element, :due tb theasymmetry of.the inckWhce of a febt bearn onto-the o^axiar 
cun^etJ^rfeces. geherally the ray of. light o«*eaxls (theT^rence.^s):alsdlhas teymrStrical^e^^ Tu^^ , 

SI be^mpletely removed by these off-axial curved surfaces alone. So. these reflecting surfaces are given 

face^ .srnot nr^de asymmetncal (fer exampie. is made Into a*pherlt»l sUrface.^^^ „; 
rations can be mitigated and the number ofsurfacesneedinot be^increased V r . / 7 

ll^S^ ^I'^r,*^ refractHlg^urtaces^e given 1he,diff«t*ng action.i and! 5«eiindiSteA FS;8.sfS^ . 

SiiS2^-« thes* reflectir,s^^surfaces a tologram ha»«nd rotatiob-^syr^ 

^^^1 SS'Sf*'*^ rtu^deSired ton5ak^:*uch a qifinofbrm type in a great deal and inexpensively, it nSy be 

sy«efn^jt«ptes^,embddiment.>a lightbeaml^*^^ 

? ^ r '^'^^ ^""^"^^ <^ ^""^^ ^-^^^ a reference axis formed by the optical path of a rwof 
.ghfof»»Bference^V^^^ 

ax«hD|rt.caf«le^ 0 jf^^y.,, :,.<• i;., ,.,U:J^,,..^n. r^^^^!;::, 

ment,*he,su*^^^^ 

raJofiSf^niettiod of attaching to th^ reflecting surfaces and the refiacting surfaces tabe given tS<difracfina«*on!a 
cable.iandth!S.is;similartaEmbodinffint'7.vs-t3r . r(„n oioj i , i,, , , . 

a,^ S^SS^'IS'T*^!^'^^**''^'^^^^^ Irthography art. and a method of maJng a moS 

^^^W^rmg tbe 8^fflpe^here<*.«heattis.^^be 'fl^^ a«reat deal are also similardSL^S v;. 
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[0109] Fig. 10 is a schematic view of the essential portions of .Embodiment 9 of the present invention. In the optical 
system of the present embodiment, as in Embodiment 7, a light beam Ls from an object surface lying at infinity passes 
through an aperture P, whereafter it enters an optical element B1 comprising two refracting surfaces and four reflecting 
surfaces and integrally molded. In this optical element B1, reflecting surfaces sd2. s3. sd4 and s5 are off-axial curved 
5 surfaces (curved surfeices in which a reference axis formed by the optical path of a ray of light of a reference wavelength 
passing through the center of the aperture and the center of the image plane im and the plane normal at a point of inter- 
section do not coincide with each other) and therefore, this optical element B1 is an off-axial optical element similar to 
Embodiment 7. 

[01 1 0] The present embodiment differs from Embodiment 7 in that the optical path of the reference axis is of the inter- 

10 section type. An off-axial element of such dh intersection type has the feature that the optical path thereof can be made 
compact. As in Erhbodiriient 7, portions of asymmetrical aberrations created by these off-axial curved surfaces which 
cannot be corrected by the shape of ieach suHace are corrected by giving the reflecting surfaces sd2 and sd4 rotation- 
asymmetrical diffracting actionJAgSn Iri jthe figure of this embodiment, the surfaces given such diffracting action are 
given a symbol sd and are ihdicated as sd2 and sd4. 

75 [01 1 1 ] To give the reflecting surfaces the diffracting action of creating asynvnetrical aberrations, a method of attaching 
to those surfaces a holdgranri having rotation-asymmetricaJ stripes, or a method of making a quinoform on a reflecting 
surface of a certain shape is applicableT^and this ts sirailai^ to Embodiment 7. The technique of brazing as a method of 
meddng a quirK>form on the shape of a surface, the technique of;making the binary type by the use of lithography art, 
and a method of making a moid and^tran^ferring the sha^a thereof when it isito be made inexpensively and in a great 

20 deal are also similar to those in Embodiment 7. . - " " j/ . ' 

[0112] Fig. 11 is a schematic view of the essential portions of Embodiment 10 of the present invention. The optical 
system of the present embodiment W a hybrid optical system comprisirig an off^axial optical element B1 and an ordinary 
coaxial optical element LEI . In this optica^^system^ ^as.in Embodiment IjghtBeam Ls from an object surfoce lying at 
infinity passes through an aperture P, whereafter it eriters a first optical efement B1 comprising two refracting surfaces 

25 and four reflecting surfaces and integrally molded^i • [ r- 

[0113] In this first optical element B1, reflecting^surfac^s s2. sd3, s4 and sd5 ajre off-axial curved surfaces (curved 
surface§j(i which a reference axis formed by the optical path of €l ray of lighjt of ia reference wavelength passing through 
the center bt the aperture P and the center of the image plane in and the pljane normaJLa^ a point of intersection do not 
coincide ^*th each other) and therefore, this optical element is an off-axial optipal element similar to Embodiment 9. 

30 [0114] As in EmtxxJiment 9, portions of asymmetrical abenratib^is created by these off-axial curved surfaces which 
cannot be CQrrected by the shape of each surface are corrected by giving thiB third and fifth reflecting surfaces the rota- 
tion-asymrhetrical diffracting action. However, in this optical system, rotation-syrhme^lcal aberrations need not always 
be remcAfed'lby this first optical element B1. In this embodiment rotatiorHsyinrhetricalxaberrations are removed by the 
entire syslSn comprising the first optical element 81 and a second coaxial optical elem^ Lei comprising surfaces s7 

35 and s8. y f . " ' " • 

[01 1 5] Again in the figure of this embodiment, the surfaces given the diffr^ctii]ig action are^;giiven a symkjol sd and are 
indicated as sd3 and sd5. To give the reflecting surfacesithe diffracting action of creating asymmetrical aberrations, a 
method of attSK^hing to those surfaces a hol(^am having rotati<^n-asymmetrical ^ti'ipes. pr a method of making a quino- 
form on a surface of a certain shape is applicable, and this is similar to ^rribodinf^nt 7. 

40 [01 1 6] The technique of brazing as a rtiethod of miaking a quinoforni on a surface of a certain shape, the technique 
of making the binary type by the use of lithography art, and a niettiod of making a mold and transferring the shape 
thereof when it is to be made inexpensively/^nd in a great d^l dre also similar to those in Emtxxiiment 7. 
[Oil 7] Fig. 12 is a schematic view of the essential pdrtiorisr of Embodiment 1 1 of the present invention, and Figs. 1 3 A 
and 13B are illustrations of:the paraxial refractive jxsiwpl arrangemerit of Fig. 12. This embodiment shows a so-called 

45 two-unit type zoom lens using two qff^ial:bptical eleme'nts^l and B2. It also shows a case where a refle<^*ng surface 
given diffracting action is disposed in a rhovable lens unit inlfie zoom lens. 

[0118] In Fig. 12, BT^arxJ B2 designate first arid second optical elements, r^pectively, having a plurality of curved 
r^lecting surfaces. The Virs^^lf^Mk^fsifi.?'^ is a lens unit conprising, in succ^ession from the object side, a concave 
refracting surface s1. four 6^-a^ia( ref iectkig surfaces^ i.e., a concave mirror sd2, a convex mirror s3, a concave nrurror 

so sd4 and a convex rnirror sS^and acorwex refract[ng^^ and having positive refractive power as^a: whole. The 

direction of a reference^axis ©rSerlng the first optical element B1 and the direction of a reference axis emerging there- 
from are parallel to each other and th^ ssfne. In.this first optical element B1. the refracting surface sd2, the refracting 
surface sd4 and the refracting surf^e sdG^ are given the diffracting action and are thereby given the action of correcting 
a rotation-symmetrical aberration component and a rotation-asymmetrical aberration component created by this optical 

55 element B1. 

[0119] The second optical unit B2 is a lens unit comprising, in succession from the object side, a convex refracting 
surface s7, four off-axial reflecting surfaces, i.e., a convex mirror sd8, a concave mirror sd9, a convex minor sdIO and 
a concave mirror sdl 1 . and a convex refracting surface s12, and having positive refractive power as a whole. As in the 
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fii^ optical element Bily4he.directicn.o«ta refere the second optical element B2 and the direction of a- v 

reference axis emengingftherefromiaref pa^aHettoi each ;^ element B2. the 

refle0Tig surfaces ?d_8. i^9; sdIO and:M1;1 aresjv^n cjiffracting action ^nri ^rethe;^^^^^ of.porrecting:^,.- 
rotation-symmetnca! j^^rration cpipponent aivli^, rpt^onrsjmmetrical ab^rratipn conponent fcreated ;t?y,this ppfical . r 

elenr|ent(B2.,y>:-....- :c-ucniif:. ;^;•:h(wii^^v;t^'M■: r^h-r.^:^ :r ^h'- r.Ma<ii: iCi bor;^.^er i:^^ i-^;iuer>rM?:kiii^f^Ki^he (:irY:c.r>:.,K:ir^iirl, 

[0120] Ipl denotesan optical i correcting iplate cbrrprJsing ia pl^he^parallel plate, ortaTock cr^stalt low-pass ^ 
infrared cut filter or Ihelike. Also, im designates an image pidkupefenient<surface,.or the imagepickup surface of a CCD 
(imag6?pickup med(um):or:theiike^ pd^tes an a^^^ thfe object side of the:firstjoptical efement:81:-i). 

[0121] The imaging action of^ the pcesient embodiment**ill now be described. A light beam Ls from an object has its 
quantityof incident Jigftt^reguiated bythe aperture p;!wher^fter it is refracted by and transmitted Ihroughcthe concave 
refracting surface ST of thefirst optiisal elernent B.1^ repeats reflection onithe concave mirror :sd2;ithe-ooffivex nniriiors3, . 
the concave n^rrpr{sd4:9nd.thaiconyex min^ors5 ps also diffracted toy:the ;6urfaces sd2 and sd4); is sub^ 
converging or diverging, action Dy the^power of each reflecting minor, an-ives at the convex refracting surface sd6. is 
refracted and diffracted there and emerges fronnthefirst optical elemem Bl ^lh thefirst:opticaft^ 

diate infrageJPt ofihe otiject is oncetorniedoh^an int^rmiediate ii?naging planeisflv : '\i\-:ii-r^ nv . i-Hi ^ i a: >. ,1 
[0122] Jt is effeJGtive for suppressing aA lincrj^ase in. the effective diameter t)f a ray of light oh a isUrface disposed fnore ^ 
adjacent tovttieiimage side th^f^to; the apeiiure p thm as described above, the object image is ohce formdd^iri the first . ■ 
optical element B1, The light bMm.primarily iDoaged on the primary imaging plane IP1 repeats reflection on the convex 
minrors3i the concave rnrMrror isd4 aoditheicohv^ mirror s5 (is alOT Sd4),ijg subjected to the v c 

conv^ging ordiVergjng iactiOmby the pdwerof each reflecting mirxoT. iarid^rrivesiat the convex i^efrafc^^ siaWacasdSiivt 
and the llght beamT^acted and diffracted there forms an object image on a secondary imaging plane. € (IP2): Thusi ' ' 
the first optical element B1'?functions as aHens urlit which repeats Ihej refrafctioniby the incidence and emerg^acecsur-u^i 
faces and the refJectkm by the pluralityiof curved^^ is provided Withrdesired optical »per!brinancei ho 

andihas;positivepdweriasa:iMhdle/ ei»]{ir:-ir;y4hei<-jiiO:n h^.: ;:;ciir:::i-:v : hU;.-: is- ■. hr^ :-:t;a.:;ii:':o ;:in^.K -'^^; r.: ,o 
[0123] ^ The light bfeamiis theh transn1it!ed through:t^^ 

whereafter rtisi repeatedly cSubjeetoLtotherefl^ action bythe convexmirrorsas. the toncave mirt^or^t^^ 

sdD.itheconvex^mirnor sdIG artdithpseortDave min-or sdl 1 . is refracted by the convex refracting surface si 2 and emerges 
from?thesedond optical iBl^^m»e2oAgain in .theisee6hd:<^ »element(B2. the intermediate: image of the: object iis:ct 
once formedion ah imerrttediate imping: plane^l 

ment ea passes through^ the opticaFcorrectingrplate and thereaifter imaged on the imagefpicJoip element surface i /^ 
im. Thus.v.the secOTd-opticaJfelemaif tB^:rie*form^ secoridaryimaSingpldhfe<> <IP2) by^.i; 

the first optical elemert BI jori the imgigejpickup element suiface^i^^^ 

a lenstunjt which repeats the refraction: and [diffraction by the inddencQ and emergence isurfecesi tod the! reHfection by 
theipiiJiraBty off curvddTdleiBting^ors^ aWvisiprovided with^deisired optifc^ arid has positive power.as a- or 

[0124Jj-5Jn th^presecit.enTbixBmentrtheiirsloptk^l elements B2;are movedicelative iic 

to the imaging plane itn, thereby chailging the focal lo^ the optical system wrthoift^changtioi > 

ing me final imagirigpositicHiim;:<T^^^ ttrt^^opa-^lOT caltedtocai^eng|h^change or zo^ .nirror r,;>. inr> con- 

[0125] m?rhe focal length changing ^on^of lbe present eiiiboc^ frigs :. l3Aif 

andilSB, Figs; aSA ahdfta^ are^o^ 

Imentcl 1 .Igimade into aisinglathin J^s and the opticdl^stem is de^felopfed refative^to the 'reference a)d^ thereof.iRg:!5;o 
13Ayte^aft a^ra^^ement^viBftf in whith thet^^ system is in the state of the wide angle end (W). and Fig. 13B is an 
arr^r^ehfient view^^ichthe!opfical^^ >P, Uf^mr^umm .Mnu t^t ^hn rat 

[0126].' ^The descriptron of .ftieprinciple dfzobmand the.qa!culation expr§ssioris forthe iihagin^ m&ghif icAtidifi and ibbal ;> 
lengths at th^wide^angIeeiW£iV^O^^^^^^^ 

in EmbodrmentrSiusIng fjg; 6>and is> therefore omitted: r^v 'Ki:^vn n-;rror r ■:A-:t ^c^^un^^c, hon* vnc end o; :>rior:f Afnrrjsn* 
[0127] nWhile mth6 pr^ntjembodima^^ r^tane C (IP2> ^ the: Intermediate imaging plane is 

pre$§mi^teriifiediat€ilyoff:t^ 

nriay be presem JHithefi^iior of fthe slecortAil dpfo^heleiVient B2: iThe innaging relation of the second optical element B2 
holdsf^gGkxJ wrthithjsiriterrn^ byioc-fco ;> pv;yKi<; ; =9 r;occ o-mcn* oie 

[0128JV 'Alsd; virtienithereareTO^suteeSsioh^^^ 
as a whole andan optical^el^mert having positive refractiv 

an qiticaf eiementrhaving Fiositi\/e refractive power a&a)«irfi n6gativ6 refracftrveiaow"» In 

the €|>titel elements canibeJ ntovedrrelaaive toieaclHcrtheij to1hereby:clTahgerthefbfcal *eiiisth (i^ghig magrWicalion)Jof' t 
^the-photOiitakiDg optical i&ystemi:^& first optiCLii B ? 

[0129S>9}Also. ras regandiitthardire^ elemerrts during^aifecaf lengtft ehangev-ft the inci+ uc 

dence^wTtpQ^OQ oflheireferenc^ axl^larf:eaGbi«iflesctingsthfaraife movemerftirorh the wide^ 

angle endrto the-telephbla endii the eh«yt)c6urrifiigduring the,'fbcaf length and therefore, the 
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directions of reference axes entering and emerging from the optical elements B1 and 82 can be made parallel to each 
other and the optical elements can be moved in parallelism along the reference axis lines entering and emerging from 
the optical elements. 

[0130] In this case, when optical elements in which the directions of reference axes entering and emerging from the 
5 optical elements are parallel to each other are to be constructed, there are conceivable two kinds of patterns, i.e.. mak- 
ing the emergence direction the same as the inddence direction as shown in the present embodiment, or making the 
emergence direction opposite to the incidence direction as shown in the following embodiment. When the emergence 
direction is made the same as the incidence direction, it becomes possible to shift the positions of the incident reference 
axis and the emergent reference axis to desired positions. Also, when the emergence directbn is made opposite to the 
10 incidence direction, the spacing between the incidence side and the emergence side changes by the same amount as 
the amount of movement with the movement of the optical elements and therefore, it becomes possible to change the 
length of the optical path by the double of the amount of movement as a whole. 

[0131] Thus, a zoom optic^system using the off-axial optical system can be constructed in the above-described two 
kinds of patterns and therefore, the degree of freedom in optical arrangement can be increased. 
IS [0132] However, the direction of movement of the optical elements need not be parallel to the directions of the refer- 
ence axes entering and emerging from the two optical elements, but for example, the direction of the reference axis 
entering the optical syistem and the direction of moverrient of the movable optical element may form ascertain angle 
such as 30**. or 60° therebetween. 

[0133] Fig. 14>is a schematic, vlew^of the essential portions of Embodiment 12 of the present inventiort. This emlxxl- 

20 iment shows a so-called two-unit type zoom ieris. This embo^inrtent'showS'^ where the direction o| movement of 
an optical element B2 moved during a focal length change is not parallel to the direction of the incidence reference axis 
Lai of an optical element B1 disposed niost adjacent to the object side. It also shows a case where a reflectirtg surface 
given the diffracting actbn is disposed in a fixed lens unit iiTthe zoom lens. > \ 

[0134] In Fig. 14,. B1 and B2 designate first arKf second optical elements, respectively, having a plurality of curved. 

25 reflecting surfaces. The first optical element B1 is a lens unit oompristhg. in successio^ from the object side, a concave 
refracting surface si . four reflecting surfaces, i.e.. a concave mirror sd2. a convex Wirpr sdS, a concave ^irror sd4 and 
a concave mirror sd5. and a convex refracting surface s6, and having positive ref ractive^power as a wholeiand becomes 
a f ixe<| lens unit during zooming. The direction of a reference axis Lai entering the first optical elem^ B1 and the 
' direqtipn of a reference axis La2 emerging therefrom have an inclination of about 45°. \ \ 

30 [0135] The reflecting surteces sd2. sdS. sd4 and sd5 are given the diffracting actior^ and design is rt^de^uch that 
the correction of symmetrical aberrations and asymmetrical aberrations is effected by the use of the degree of freedom 
of cliffr^on and the number of constituent surfaces -feieconries as small as possible. Tlie second optical 4lement B2 is 
a iens.unit comprising, in succession from the object^ide, a concave refracting surface s7. six reflecting Surfaces, i.e., 
a cprK^ve mirror s8. aNconcave mirror sd9. a convex min^or slO, a concavejminror s1^. a concave mirrcf sd12 and a 

35 cor^y^ min-or sl3 (sd&and sd12 are^o.givenihe*diffr^ng action), and a ODnvex refracting surface s"^. and having 
positive refractive power as aJwhola The direction of a reference axis La2^ntering the, second optical element B2 and 
the direction oif a reference axis LaS emerging therefrom are parallel and opposite tp each othier l^jdesignates an opti- 
cal correcting platp^cbmprising a plane parallel plate, or a rock crystal low-pass filter.^an infrared cyt/ilter or tfie like. 
. [0136] . im denotes an image pickup element surface, or the image pickup surface of a\CQD"(irnage pickup medium) 

40 or the like, p designates an aperture disposed on the object side of the first optical elemerrt;B1 . - 

[0137] The imaging action of the present emtKxJiment will now be described. A light beanrl?Ls frpm an object has its 
quantity of indderit light regulated by the aperture p. whereafter it is refracted by and tran^ittedjt^rough the concave 
refracting surfece si of the first optical elemerrt'BI , isrepeatedly subjected to the reflecting and diffracting action by the 
concave mirror sd2^ th^ convex mirror sdS, the concave mirror sd4 ard the conpavje irvrror ,^5, is subjected to the con- 

45 verging or diverging action by the power of each rj^lecting mirror, and arrives at the conveit refracting surface s6, and 
the light bekmrefracted there forms ah^c^ject image on an intermediate vnaging plane IP1. In the first optical element 
B1 as well, the intermediate Jmage of ^e object is once formed. rV, 

[0138] The light beam from the object image on the intermediate imaging plane IP1 is transmitted throu^ the con- 
cave refracting-diffracting surfece s7 of the second optical element 62, whereafter it is subjected to the reflecting action 
so by the concave mirror s8, the concave mirror sd9. the convex mirror slO, the concave mirror s11, the concave mirror 
sd12 and the concave mirror si 3 (the surfaces sd9 and sd12 are also given the diffracting action), and thereafter is 
reflected by the convex refracting surface s8 and emerges from the second optical element B2. In the second optical 
element B2 as well, the intermediate image of the object is once formed. 

[0139] The light beam which has emerged from the second optical elernent B2 passes through the optical correcting 

55 plate 1 pf, whereafter it is imaged on the image pickup element surface im. 

[0140] In the present emtxxiiment, focusing to different object distances is effected by moving the second optical ele- 
ment B2. At this time, the second optical element B2 is moved in parallelism to the direction of the reference axis La2 
emerging from the first optical element B1 , but the direction of the reference axis Lai entering the first optical element 
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B1 and the direction of the reference axi&La2 emerging therefrom form an indination of about 45° and thus the direc- 
tion in which the second optical element:B2 is nwed durfng focusing is indined by about 45^ with respect to the dirw:^. : 
tion of the reference axis LaTrentering the first opficSl eleriient Bt^ . , . . .v, j. ,ri,,,;>>' .,r :j iri'- -lin 

[014irc Accordingly; the secohd'o^ical elenfent 62, durihg fbciisihg, is'rnoved irtipardllelism toih^ directlohs of the ' ' 
reference axes entering ana iemergmg from th& ^rid oplickl'6lem6w; ikjf moved within inclination of 45° with^ii 
respeWW the direchoh of the r^erericeakis entering f i. i u ! • ? ; r.in, ,;,i'=i 

[01421 Again in the pfefeent embodiment as in Embodiment 1i: the first and second optical elemfertfg B1 awd^ dre 
moved Telativfe to the imaging plane in to thereby change the imaging magnification of the optical system However 
unhke Bmbodiment 11 in whioh the directions of the. refererice axes entering and emerging from each optical element 
and thedirections of nKwementof the opfical elements are dO-parallelto each other, the directibn of the reference axi& - 
entenng the first optcaf element B1 and the direction of the rteference axis emerging therefrom form an inclination df -'l 
1 f "f llf^f ' maintain thedirectibn of the reference axis entering the second optical elementB2fromj; s 

the first optical element 81 during the focal length changing operdtioii; lheaiiection;of;rnovemem.of.th6ffirst'bptiGal ele- 
ment BI is made parallel to the direction of the reference axis entering the second optical element B2 
[0143]. J=ig^15.is,#schenwtiC!Viewitirf the essential p^ 

system of this embodiment^a light beam Ls from an object surtat^ at infinity passes through an aperture P wheredtter 
It enters-an optical element B1 con^risihg fou^ireflecting surfacfes aodintegrally roolded.f In thi* optical^ dement B1 ■ 
reflecting sui^ces s2. , S3, s4.and s5 are- off-axSalcurved surfaces (curved sorfaces-in whicha^eference axistormerfbj^.vi 
the^opbcafpathofa ray of,Jight.x>fla referencewavelength passing teou^h the bewferof thfrapertureP and W center 
of theimage |>lane,im:and the plane nohnal-ataipoint of intersection do not coincide with each other) and therefore this 
optical element IS an off-axial optical element. i _ . , . . ^ „ , i ' ^ . , 

[014^|-iln this embodiment; rthe emergence refractingisuiface sde of thi^ 

^"'^^^"^^-^^^S'Optical system (In thifitigure. a two-fbcus^optical systwn iseonstaicted by>the difference in- ' 
the'Cfiffraction-order'thertofi' ^.pf .Mi'? )-• -IriJiaaiier r, >■. rr.y.i cr.^;'. ?!' t.- p ■ :..„. ,,.•. ,„.;,. ,. - 

[OI^J: '.In If^ifigura, theoptical. system is'a mulfrfbcus optical system in which by the difference in the order of diffrac^^ 
tion^e.g::0-orderarid 1st^<>i1der=diffracted; lights) oh the emergence^urfacesdS. theray of light is imaged on different 
imageiplanes dri this iigure. two imageplanferrt, 1 and irii.2)iin dccoidarice with*eidiffraclion4ef{iciertcy«f thexwder ..' 
thereof.:.7o give-surfaces thediffracti«gacli(Sn. a methdd^rt^^^ 

nietracatstripesora melhocjofrtiaWngraiqulnofbmSfontheshapeof a Surface^^ i ; . i , „ • , / 

[014|^K)itethe meih<kl)df:niaking a3i,tjinofcxhi!onithe,shape<^^ thfire is a hiethod of brazing t»> the useof a.ci 

rninutetortiogiod|fa 

raphy.orJhe1rt« Whenltisdesired^t^^ 

by mak.ng^tr¥.es m advance on a mold by'the useiofta methodidf brazing by the Use rt a mintrte^nlng tool or the 

ISS.£^ ^"^"^ hereof is to be made, it is desirable to optimize the shape of the grid stripes so 

thatah^aiffraetingefficiertcyiOfithe desired order, can be increased, j. ji- ..n ,,,, g , -rj • j 

sy^Mthi&embbdiiTient. a lighttseam LS from an bbjecti^^ 

J^"^?" S?^''^®'^ "n this optical element B1 

" reflfltw^; sui1&c^<A12..<aa.cS3v »l^9n£t^.ar«f^<^^ (cuwed. surfaces imiwhich^Teferfenceiaxi^iue 

r®*fl*5 "'l*® *"«9»Plane;im and the plane ndrmal 9t a pbintiof int^reeotidnida notTcoinddei^^ and ' 

theretore," this optical elemem isan oft-ajbal optical ^tement.^ h t .r:b«;;niHjv. i i oi i.-^c r.-< eaer i i.- -v - - -..-i r- . t s a 
[0143J In this^mbodiment...thter^leeting surfacie sd2^nd emergence i-efKicfing Surl&te sd&of this^iwaxial eleirl^ 
aregr.en*#jdiffracting^action.,siKl4)y:i^^ 

thisJigure^:atoUr-4pGusopticrfsystem)feconstrOctd^^^^ ' 
[01S^;?frA8 W6 =5urfac^;thus p/eft-the diffr^^ 
refrartngsurtaces but asoysfleclmgifeurfacesv W^^^ 

fa ^^^^1^Tt°^ of diffractioh.(6ig.i Ororderand1st-order<Jrffracted tights) on the-surfaee sdZand^e surWx-^ 
face(W6;tbeiay^of.l.ghf:,s,maged©ttdW^ 

'"J^'^!^ "^^"^ ^'^"^ °^ 

at«ching,to1hw6^rfaces!ahbtograrh.f>aving7otation-asymnwfr^^^^ a methodof inaldng aquinoferro oriitha.. - 

[01511 As me methodbfrtialcnga quinpferra on the s 

mir^e toninp tod a method of attaching grid stripes of the binary type as shown in Fig. 19B by the technique of lithog- " 
raphy^.the^|ke.^M<henrt.^^^^ 

by maJong slnp««.in«^^ bitoing.toy^ihe>use.of ar*nintite.tuniing,toolo<the<.id 

techniqueof lithograptv. and1fansfening=tKffs«apem&eof When a^ 
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When the diffracting surface thereof is to be made, it is desirable to optimise the shape of grid stripes so that the dif- 
fracting efficiency of a desired order can be increased. 

[0152] Fig. 17 is a schematic view of the essential portions of Embodiment 15 of the present invention. In the optical 
system of this embodiment, a light beam Ls from an object surface at infinity passes through an aperture P, whereafter 

5 it enters an optical element B1 comprising four reflecting surfaces and integrally molded. In this optical element, reflect- 
ing surfaces s2, s3. s4 and s5 are off-axial curved surfaces (curved surfaces in which a reference axis formed by the 
optical path of a ray of light of a reference wavelength passing through the center of the aperture P and thie center of 
the image plane im and the plane normal at a point of intersection do not coincide with each other) and therefore, this 
optical element B1 is an off-axial optical element. In this embodiment, the emergence refracting surface sd6 of this off- 

10 axial optical element is given the diffracting action, and by the difference in the order of diffraction thereof, a multi-focus 
optical system (in this figure, a two-focus optical system) is constrgcted. 

[0153] In this figure, the optical system is a multi-focus opticat^>R5tem in which by the difference in the order of diffrac- 
tion (e.g. 0-order and Ist-order diffracted lights) on the emergisnce surface sd6, rays of light assume different optical 
paths in accordance with the diffracting efficiency of the order thereof, and are imaged on respective image planes (in 

75 this figure, two image planes im 1 arxJ im 2). 

[0154] The difference of the present embodiment from Embodiment 13 is tfnat multiple image planes (in this embod- 
iment, two image planes im 1 and im 2) are not on the same axis, but are obtained separately from each other. In dif- 
fraction, it is possible by changing the shape of stripes on the surface to make such an off-axial system. To give surfaces 
the diffracting action, a method of attaching to these surfaces a hologram having rotation-asymmetrical stripes, or a 

20 method of making a quiniofbrm on a Surface of a certain shape is applicable. 

[0155] As the method of making a quinoform on a surface of a certain shape, there is a method of brazing by the use 
of a minute turning tool, a method of attaching griiJ stripes of tl^e binary type as shown in Fig. 19B by the technique of 
lithography, or the like. When it is desired to make such a quinoform type in a great deal and inexpensively, it may be 
made by making stripes in.advance on a mold by the use of the method of brazing by the use of a minute turning tool 

25 or the technique of lithography^ and transferririg ttie shape thereof when an optical element is to be formed of glass or 
plastic. When the diffracting surface is to be made, it is desirable to optimize the shape of the grid stripes so that the 
diffracting jeff iciency pf a desired order can be increased. 

[0156] As described^above. at least one surface of an optical element having a plurality of reflecting surfaces and 
refracting surfaces comprising off-axial curved surfaces is given the diffracting action, whereby there can be achieved 
30 an optical element and anbptical systiem in whk;h the degree of freedom of design in abenration correction when an 
object image is formed on a predetermined surface is increased and the conrpactness of the entire optical system is 
achieved and yet high opticcil performance is easily obtainkl. 

[0157] The constituent surfaces (refracting surfaces and reflecting surfaces) of an off-axial optical element constitut- 
ing an off-axiat optical syst^ are given the diffracting action, wh^eby the degree of freedom of design can be 
35 Increased and aberration;.corr^ctidn t^ecomes possible by a siii|ill nurriber of surfaces, and this is effective for downsiz- 
ing and lighter weight. Also, the diffracting action is given thie ccrrection of rotation-asymmetrical aberrations, whereby 
there can be provided a rotatiori^symmetrical surface easy to rt^ke as the surface shape of a base, and this leads to 
the ease of manufacture. \ . \ 

[0158] Also, even if some or all oithe incidence surface, a plurklity of off-axial reflecting surfaces having a curvature 
40 and the emergence surface are made into surfaces which cause |the diffracting action in an off-axial optical element for 
forming the image of an object surface on an image plane, those^surfaces can be molded simultaneously and integrally 
with the molding of the off-axial surfaces and ther:efore, like the surface sh^^, the relative ppsitibH^ccurac^ 6f the sur- 
faces which cause the diffracting action can be erihanced. I \ I ^ 
[0159] Also, by chan^ng the relative position of a plurality of off-axial elements, including surfaces haying tlpediffract- 
45 ing action, a compact zoom optical system) c^n be' cb I "7 • ^-l--7. J--.. J 

[01 60] Also, by utilizing the diffracting adSori for the^si^aration 'b^ lig^ bejiinris, a cqrnpaci|iimlti^foi(^ dpiS^al system 
can be constructed. \ " - / ' t | ? J 

[01 61 ] In an optical element for reflecting light from an incidence surface of the optical element b^ one^r mdre reflect- 
ing surfaces comprising off-axial curved surfaces^ and causing the light to emerge from an elmergencet ^rface, at least 
50 one of the incidence surface, the emergence surface and the reflecting surface diffracting thb light. ^ * 

Claims 

1. An optical element for reflecting light from an incidence surface of said optical element by one or more reflecting 
55 surfaces comprising off-axial curved surfoces, and causing the light to emerge from an emergence surface of said 
optical element, at least one of said incidence surface, sakJ emergence surfeice and saki r^lecting surface the dif- 
fracting the light. 
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2. An optical element having integrally fonned oijithe surface of a1ranspar«nt member a refracting.surtace of said 
opb<»l element oniwhich a figW beiam is ineWent; one or more reflecting su^ off-axial curved surfaces 

ft>r reflecting^,said. incident light beam, and a refracting surface of said refracting element for refracting the light 
beam ref lectedt)y said one qr. nms.Mmng surfapes,and.caHsing ?^.cUightOeanT.to,e«nerae therefrom, at leasts . 
one of said tnaaence^uifaDe. saifi:er^ ^-^ 
fiaotingactjotn.., o , ? ; . v 



3. An optical element according to aaiifn t or 2;iw^^ 

4. An optical element aGconJtag.to Oaim:! or2,>»iHerein said surtefc'e 'ha>nWt»>ejcW«oti^ 

faca..<.:,.< nv/AM->.,.?>vi(l, -hr: fn->v-.:^. i :,ni,c.. oln.r..ru. c..d !iv.-r-. ... ; !^',.:orro.:;,oc;r:D'^- 'r r.i.:,,..,;;;. 

5. Anoptical elementaccoiriing to Gfaim 1 or,2,.wherein said-su^^^ is a rotation-sym-< 
metrical aspherical surface. > tiis^H^u;: v.-. •.. « !i;v:. ^x-. i,. ■,: «""'«>y'n ■ 

6. An optical element accoaing to Gfeim t.«r 2, wherein s^ surface having the diffracting action isa roteBonrasym- ' ^ 

^" ' ^;Optical element laccoidingdo^Gte^ ;i or2. wherBin«aid>surface having-the'diffraMngacaientisahologram type, : 
'artAacbng/Surface:;>';c;.' (.r,,>->-.r.f> :.v.r;:,, .j.;-,. e--!h;:-i:i rv.rym. < .n- - v-fv-..!..-. t - ,., 

8. J^n optical jelement accbrdihgto€laim ,1co.;2. wherein said surface h&ving the diffracting action is*quinofoim typ6 K;. 
■ .diftracnnghSufrace.; i- ^•-■-•■ •yc:}i<^-:.:;^:t^o \^,'. :■ ^^-r^ - 

A An^ical element according to Glalm t^or 2; wrtierein said surface having the diffiacting action is a binary typedif- ^ ^ 
fracbfiasurfacfe??;-. raioj.-ii-ri vut^c:^. i.^ . u t.<»:^,;av5> j'-J::.:. utii' -riM ...r-.-„-,-.,.-.,w... 

10. HAn^tical etement according toanyonfe of Glaims^i 

fracting surface comprisirig ratatiorT^ynvt^ical stripes: .Jtnyl.Vv ■ a' .lixn,- 

rj^**"'*^^'^?^^ whereirt-an optieal path isaivided irtt&a piurality^y <tbenn ; 

•otderafihecWfractngiatitioncHsaidiSurfaceli&ving the diffracting actiore l o • . Wii n . =.>...u:i<i .;ptioa!i • ' r;>- c 
CDPT"'"!!?- .-i--;x;tssKion liw o!;;';cf .skle. •.• ;'crK;ave wtf;io;:i!-f» uKfa':':- '■ /' pi-- ;?rf!«c-<'nn --si-vw ; 

p0£,:itivfc! iafraciiv-e poivei as a whole '.Mrrj -.i.c-L-ciiof: of u rsle; sn';i.- ;-■ !.;;;.. ^'ic- nV, ^-^ " "-. r^-'!' T'.':-T'^-'","!' 

13.iiAn.i3|rtkal, system icoi^ by3one or, -m^ore optical elementS^.and ipriovided wth^W^^^^ 

^atcordingte^ ahyt)ne^of Glaims;tto-12.arafe; m'^ ^ .oci^ o-vstei '.y^-m^ ,.i?,v, ,.,t,OK^; ont^^r 
-l- •^••^'i- e;Ai-:!5nr ci.rfoco, w HY.r,g;i phOuip t;urmcc; of a Ovai f.-aoo rtc:a.n 

34.. Afliepticalisy«em*aocoitiifigitoO <»*fe.«ntir«.8yslemisfcHanged by said optical 

: etemient beinigiiiciiwedL.ctio> ^ .ihy pro^i-s* i PinUKi-^rie^vt wi„ now- be ci3f;ci sLsrt. ^k.t-^f ; --st ■ i , . ^ J^. ^ 

15. Anopticalsjfetem ac^ordii^toClam.^^ sai<*°ptical:eleihen{is!it«led.afengiagefereri^^ acibr. bx *he 

■16. -An optical feyst^rn accbrding ttt>Glatmrt3;.i«hich iS-|iro«d9<*with acofexial opficalieleinent:. .'^;raci«iq t..r,Vor : 

SJ^te*" aocdrding toClaim?t6.AA(herein the Ittcal terigth of the entire system is changed by said coaxial 
?bptical elemef«;being;m6ved.^e oNc« o,- Ino nve: rv,sc&itc .nH^a.^r. ^.^ane u-i ^larK^n.^^, nwou^..:ha c;.n- 

. ^uu^M-'^.iT.=«u:i^;: .!.;r.-ac... s .^r ina »<ms.«h« ft>licni c*j.,-^-.i B2. vvl^eit^ifiu: it aU^ecJ*^* to Iho rstl-uiii ... 

18. An,opticalsyslemaccordi»f«:taCfaim:17»vi*»ir«n toi^ 

19. Ah>oplifc«/element ;fbr reflecting, lightifrom an 'incidence surfacelbf saidroplical element by oi* or rtiorec reflettinfl ^' 
•SwSeSS£S*2id^ emergence surface of said opScal element, at least one (rf 
diffcactingtheiightifbrni^ asymmelncal stipes fw;.. 

•i?i4'j.i inthw pcasarv e-n«.-cclimoji*. it>i.:u:j«iutotr,'fe---Kf:t -.t-pt:* oar-tui'sosss is crt^oi-v! t-:.- ..k> -..h. ■ •-■■-xi op-ic ii -'ie 

20. An op*lcaKfeydetnhatfing;an:optic9liBlertWrtaoa3rairig toClaiiii 19;:n:ialir.;r, k>'ihV:i;4(:ii^in ,m ji!-" i^T^.."!!^!-':^' ' 'v J; 
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fOlhS) : Mao. eve:> j? curru; Oi aii >he incinuioo iMiii^.ki. 
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